The paper presents the results of an investigation of physical-chemical features of water as well as rotifer and crustacean abundance and diversity measures, relating to the taxonomic richness and species diversity index, in three lobelia lakes differing in trophic status and morphometric features. The main purpose of this study was to establish the diversity of zooplankton communities in the open water area of lobelia lakes, including extracting species common for each lake and also to find environmental predictors which are responsible for the development of zooplankton communities. Despite the fact that the three studied lakes are of the same origin, located in the same vicinity and have generally similar environmental factors, zooplankton community structure revealed a great variation in reference to species diversity (only ca. 20% of the species were common for all lakes) and particularly in inhabiting species. Obrowo Lake had the most diverse assemblages of both rotifers and crustaceans compared to Modre and Pomysko lakes. In the taxonomic structure species that are rare for the Polish fauna, such as e.g. Holopedium gibberum and Heterocope appendiculata, occurred. Even though the examined lobelia lakes are ecosystems that undergo varying human-induced impacts, they still remain taxonomically very variable aquatic ecosystems, containing rare species of very high ecological status. The observed symptoms of deterioration of water quality, reflected in the zooplankton biocoenotic features, showed that the best conditions were attributed to Obrowo Lake in comparison with the two remaining lakes -Modre and Pomysko. Total nitrogen and chlorophyll a concentration were decisive for the distribution of zooplankton species in Pomysko and Obrowo lakes, while in case of Modre lake water reactivity and conductivity were of higher impact.
Introduction
Lobelia lakes are softwater ecosystems that are characterised by specific features, including both biotic structure as well as hydrochemical and biotopic characteristics (Szmeja 1996) . Such lakes should contain one or more characteristic small perennial plant species -Lobelia dortmanna L., Isoëtes lacustris L. and/or Littorella uniflora (L.) Asch. -named "isoetids". These lakes in EU member states are protected as a natural habitat, but unfortunately they are still in great danger of deterioration. Even a few decades ago many problems relating to conservation and evolutionary trends in this type of lake were emphasised (Kraska et al. 1996; Kraska and Piotrowicz, 2000) . Today their existence is even more exposed to threat, thus any data that contributes to their recognition that will in the future lead to developing protective strategies, is very valuable.
The deterioration of lobelia lakes can be observed in the disappearance of isoetids and also further plant populations, e.g. stoneworts The studies conducted in the past 30 years have shown that the presence of only 6 out of 15 stonewort stands in Poland that were found in the mid-1970s, could recently be confirmed (Bociąg et al. 2011) . This shows that 60% of sites and over 70% of species had disappeared completely from Polish lobelia lakes.
Plankton, along with its animal fraction -zooplankton, is a very important part of freshwater ecosystems. It can be specific for certain types of water body (Ruoppa et al. 2003) . In lobelia lakes, nutrient-poor waters with very soft carbonate alkalinity will restrict the abundance and biomass of certain plankton species, namely certain zooplankton species. But at the same time typical species of algae and zooplankton can also be identified. Szeroczyńska and Zawisza (2011) , conducting analyses on lake sediment cores from two northern lobelia lakes in Finland found twenty eight zooplankton species belonging to the following six families: Bosminidae, Daphniidae, Leptodoridae, Chydoridae, Macrothrici-dae and Sididae. Kraska et al. (2006) found that among species inhabiting three lobelia lakes the presence of Keratella serrulata, Polyarthra minor and Holopedium gibberum was identified. Over recent decades more data has been published on drastic long-term changes in physicochemical parameters of lobelia lakes as well as in the vegetation cover. Kraska et al. (2013) stated that in Lake Modre the water quality revealed a significant change, including a decrease in water transparency, oxygen deficits in the near-bottom layer, an increase in concentrations of nutrients as well as diminishment of the phytocoenosis of Lobelietum dortmannae.
As the deterioration of lobelia lakes has been noted elsewhere, e.g. due to changes in the trophic state of these lakes, changes in zooplankton community structure are also expected. Koff et al. (2016) observed that along with the increase of trophic state in the lobelia Lake Lohja there was a shift towards cladoceran species indicative of eutrophication, such as Bosmina longirostris, Chydorus sphaericus and Bosmina (E.) kessleri and also the disappearance of cladoceran species described as macrophyte-associated.
The aim of the present study was to determine conditions responsible for the development of zooplankton communities inhabiting three lobelia lakes differing in morphology and trophic state. Thus, this work was undertaken in order to: (i) assess the diversity of zooplankton communities in the open water area of lobelia lakes, (ii) extract species common for the studied ecosystems, and (iii) analyse the distribution of zooplankton species in reference to environmental parameters so as to find conditions that are specific for each lake.
Therefore, as the three studied lobelia lakes undergo various human-induced pressure we expect to find different predictors responsible for the development of diverse communities of zooplankton.
Material and Methods
The studied lakes are located in NW Poland in the Bytów Lakeland, with the following geographical coordinates: WGS 84 Modre lake: 54°15'49.3"N, 17°34'54.1"E, Obrowo Małe lake: 54°15'40"N, 17°35'15"E and Pomysko lake: 54°15'30"N, 17°34'30"E. The lakes are closed-drainage reservoirs with a small surface area and significant depth ( Table 1 ). The catchments are small, steep sloped and only few times bigger than their surface . Catchments are covered with Laboratory work was performed following the Standard Methods for the Examination of Water and Wastewater (APHA 1992) . Additionally, in the middle of the stratification period in the deepest part of the lakes: Secchi disc visibility and water temperature, oxygen concentration, pH, and specific conductivity were measured with a multiparameter probe YSI 3500.
The study of the spatial distribution of zooplankton (rotifers and crustaceans) in the various thermal layers of water, including epilimnion, metalimnion and hypolimnion was carried out during the summer season (August-September).
Samples of 20 dm -3 volume were collected three times from each site. Zooplankton material was collected in triplicate and the mean abundance from the three samples was taken into the account for further analyses.Sampleswere concentrated using a planktonic net (45µm) and preserved immediately with 4% formaldehyde.
The dominating species were designated as those which reached a minimum of 10% of the total densities of each group of zooplankton (rotifers and crustaceans).
The Kruskal-Wallis test was applied in order to determine the effect of the lake on zooplankton biocoenotic parameters (N=24). Principal component analysis (PCA) was applied to identify the effect of the lake and the environmental factors on the abundance of zooplankton dominating species. This analysis was performed using the STATISTICA v. 10 software package.
To define the species diversity of particular groups of zooplankton in each lake the Shannon-Weaver index was applied (Margalef 1957) .
Results
The studied lakes are typical soft water lakes due to low concentrations of calcium and magnesium. Their waters are very weakly buffered (Table 2) . Concentration of soluble mineral salts in lake waters is extremely ) because the lakes are supplied mainly by rain and penurious surface runoff from forested catchment. The concentration of nitrogen and phosphorus is also very low. However, some differences in water chemistry exist between the lakes. Lakes Pomysko and Modre are highly acidic -pH in almost the whole water column is below 5 while the water of Obrowo lake is only slightly acidic. Low concentrations of nutrients result in very low concentrations of phototosynthetic pigment chlorophyll-a (in epilimnetic waters only about 1 µg per litre was found).
In the three lobelia lakes 36 zooplankton species in total (21 Rotifera, 15 Crustacea among which 13 Cladocera and 2 Copepoda), representing 26 genera, were identified. Only 22% of the taxonomical structure was common for all lakes (24% within rotifers and 20% within crustaceans). In each water body, rotifers had more diverse communities than crustaceans, however, in Obrowo and Modre crustaceans also had a high taxonomic diversity.
In the taxonomic structure we found species that are rare for the Polish fauna, such as Filinia opoliensis, Holopedium gibberum and Heterocope appendiculata (Table 3) .
The most common species, i.e. species that occurred in ≥ 50% of samples, were Keratella cochlearis, Polyarthra vulgaris, Kellicottia longispina, Trichocerca similis, Keratella quadrata, Trichocerca insignis and Gastropus stylifer from among rotifers as well as Ceriodaphnia Table 3) . The total species richness varied between the lakes with the lowest values obtained for Pomysko with 16 species (11 Rotifera, 5 Crustacea) and higher for Modre (11 Rotifera, 9 Crustacea) and particularly for Obrowo lake (14 Rotifera, 12 Crustacea).
The mean number of zooplankton species was also highest, for both rotifers and crustaceans, in Obrowo lake. The lowest mean species composition was found in Modre lake for rotifers and in Pomysko lake in the case of crustaceans. Only for crustaceans were the differences significantly different (H=6.01; p<0.05) (Fig. 2) .
Zooplankton densities reached a level of between 235 and 506 ind. dm -3 , depending on the lake. No significant differences were found between the three lakes, however, Pomysko had highest rotifer densities, while Modre lake had the highest abundance of crustaceans (Fig. 3) . Rotifera dominated over Cladocera and Copepoda in all lakes, comprising between 72% in Modre lake up to 96% in Pomysko.
The Shannon-Weaver index reached values between 1.02 and 1.55, depending on group of zooplankton and lake. The highest values were obtained for Obrowo lake, for both rotifers and crustaceans, while the lowest for Pomysko. However, the diversity index did not reveal any significant variation between particular lakes (Fig. 4) .
PCA analysis performed for zooplankton dominating species showed a clear separation of species in reference to lakes and environmental factors (Fig. 5) . In Pomysko Lake, an association between three rotifers (Polyarthra remata, Polyarthra vulgaris, Trichocerca insignis) and total nitrogen as well as chlorophyll a concentration was observed. Conversely, a decreasing content of total nitrogen as well as chlorophyll a positively affected the abundance of both rotifers (Conochilus unicornis, Kellicottia longispina, Keratella cochlearis, Keratella quadrata) and crustaceans (Bosmina long- ) of rotifer (n Rot) and crustaceans (n Crust) in the examined lakes Fig. 4 . The Shannon-Weaver index of rotifer (Sh Rot) and crustaceans (Sh Crust) in the examined lakes ispina, Eudiaptomus gracilis) in Obrowo lake. Finally, in Modre lake the abundance of rotifers (Asplanchna priodonta, Gastropus stylifer, Keratella serrulata) and crustaceans (Ceriodaphnia quadrangula, Ceriodaphnia pulchella) rose with increasing water reactivity and conductivity (Fig. 4) .
Discussion
Even though the three examined lakes are located close to each other, of the same origin, and generally similar according to morphological as well as physical and chemical water characteristics, zooplankton community structure differed greatly in respect to species composition, the occurrence of inhabiting species and also in the abundance of rotifer and crustacean communities. The most frequent species in the samples were both rotifers and crustaceans that are described in the literature as very common, occurring in various water bodies in many continents, such as e.g. Keratella cochlearis, Polyarthra vulgaris, Kellicottia longispina, Trichocerca similis, Keratella quadrata, Trichocerca insignis or Gastropus stylifer from among rotifers or Ceriodaphnia quadrangula, Ceriodaphnia pulchella and Eudiaptomus gracilis from among crustaceans. Two of these species, Kellicottia longispina and Gastropus stylifer, are designated as indicators of low trophic state (Radwan et al. 2004) , which confirms the generally good quality of these lakes, despite the fact that they differ slightly according to the concentration of available forms of nitrogen and phosphorus. The most frequent species in the three lakes belong to typically pelagic species (Flössner 1972; Radwan et al. 2004; Błędzki and Rybak, 2016) .
Generally good quality of water in the examined lakes was also proved by the occurrence of species such as Filinia opoliensis, Holopedium gibberum and Heterocope appendiculata, which are identified to be rare in the Polish fauna (Radwan et al. 2004; Kraska et al. 2006; Bielańska-Grajner et al. 2017) . The occurrence of these species in the studied lobelia lakes was connected with their ecological requirements towards specific conditions such as cold and low-trophy waters of low hardness and low water pH (Flössner 1972; Nyberg 1995; Czeczuga and Kozłowska 2002; Podshivalina et al. 2012; Ejsmont-Karabin and Karabin 2013) . Moreover, the literature data states that in the case of crustaceans (Holopedium gibberum and Heterocope appendiculata), their presence and/or disappearance in many lakes may also be connected with changes in the biotic relationships, especially with the predation pressure caused by biomanipulation with fish (e.g. Stenson 1973; Popadin 2002) .
Obrowo lake had the most diverse community of both rotifers and crustaceans. The Shannon-Weaver index was also highest compared to the other lakesModre and Pomysko. In this lake we found that decreasing concentrations of total nitrogen and chlorophyll-a contributed to the decrease of zooplankton abundance. Our study indicates that the diversity of zooplankton assemblages is inversely proportional to the human impact on lakes. In the typology of Polish lobelia lakestaking into account the reference state and symptoms of deviations from this state -Obrowo lake is classified in the group of "balanced" lobelia lakes, without symptoms of anthropopression. Lakes Modre and Pomysko are both lobelia ecosystems which exhibit symptoms of water dystrophication -lower water pH (Klimaszyk et al. 2016) . Furthermore, Modre lake is under moderate recreational use and there is data which indicate that it was limed and fish stocked (Kraska et al. 2013) , while in the case of Pomysko part of the shoreline was developed into a recreational centre.
Zooplankton abundance was generally at a low level in all three lakes, between 200 and 500 ind. dm -3 , indicating considerably good quality of water, as the community densities can also be a proper indicator of trophic conditions in lakes (e.g. Špoljar et al. 2011; Fig. 5 . Principal component analysis (PCA) with abundance of zooplankton dominating species (Apri -Asplanchna priodonta; Cuni -Conochilus unicornis; Gsty -Gastropus stylifer; Klon -Kellicottia longispina; Kcoc -Keratella cochlearis; Kqua -Keratella quadrata; Kser -Keratella serrulata; Prem -Polyarthra remata; Pvul -Polyarthra vulgaris; Tins -Trichocerca insignis; Anan -Alonella nana; Blon -Bosmina longispina; Cqua -Ceriodaphnia quadrangula; Cpul -Ceriodaphnia pulchella; Egra -Eudiaptomus gracilis) and environmental factors (Chl a -chlorophyll-a concentration, TN -total nitrogen, TRP -total reactive phosphorus, Cond -conductivity, pH) and lakes Tasevska et al. 2017) . Rotifers dominated over crustaceans, which suggests the presence of fish in all the water bodies (Helenius et al. 2015) .The highest share of rotifers was found in Pomysko Lake;,rising contents of total nitrogen as well as chlorophyll a had a positive impact on the densities of some rotifer species (Polyarthra remata, Polyarthra vulgaris, Trichocerca insignis) in this lake. In Obrowo lake the opposite effect was observed when the fall in the concetration of total nitrogen and chlorophyll-a increased the abundance of both groups of zooplankton -rotifers (e.g. Conochilus unicornis, Keratella cochlearis) and crustaceans (e.g. Eudiaptomus gracilis). In the last lobelia lake -Modre -the abundance of zooplankton (e.g. Asplanchna priodonta, Gastropus stylifer from among rotifers and Ceriodaphnia quadrangula from among crustaceans) was positively affected an increase in water reactivity and conductivity.
Conclusions
Even though lobelia lakes are ecosystems that undergo anthropogenic impact, reflected in an increase of algae biomass, nutrient concentration and decrease of water transparency, they are still taxonomically very variable water bodies. The observed symptoms of deterioration of water quality, which was reflected in the zooplankton community indices (e.g. in species composition, the Shannon-Weaver index or the occurrence of rare species for the Polish fauna), showed that best conditions prevailed in Obrowo lake compared to two remaining lakes -Modre and Pomysko.
